We employed laser-induced fluorescence (LIF) measurements of odorant plume structure and behavioral observations to examine how turbulence affects the three-dimensional structure of odorant plumes and subsequently mediates olfactory search efficiency and success in our model organism, the blue crab (Callinectes sapidus). The turbulent characteristics of two laboratory flumes (one for behavioral quantification, one for signalstructure quantification) were systematically varied by changing the bed substrate roughness to create smooth, transitional, and fully rough flow conditions. Generally, increasing bed roughness caused greater mixing, decreased the time-averaged odorant concentration and concentration variance, and increased the plume width and homogeneity. Foraging success and speed of blue crabs attempting to locate the odorant source both declined consistently with increasing bed roughness. The variation in signal structure at the height of the antennules among bed-roughness treatments explains the observed behavior differences in crab foraging speed. In contrast, steering (path linearity) appeared to be unaffected by bed-roughness-induced turbulence. The transverse correlation function for odorant concentration at sensors separated across the width of the plume was examined among bedroughness treatments, and, ultimately, the correlation function was found to be related to the spatial position of tracking blue crabs. The spatial arrangement of blue crab chemosensors combined with the three-dimensional structure of odor plumes account for the differential effects of turbulence on the speed and success of crabtracking behavior.
The importance of flow and turbulence to the ecology of aquatic benthic organisms has been widely reported (e.g., Nowell and Jumars 1984; Hart et al. 1996; Keller and Weissburg 2004) , but the mechanisms linking the flow characteristics to ecological processes remain poorly quantified. Bed roughness is one environmental variable that influences turbulence and is known to be important in shaping the character of boundary-layer flows in aquatic systems (Nowell and Jumars 1984) . Roughness has also been of interest to engineers and atmospheric scientists for many decades and is known to influence the intensity and spatial distribution of turbulence (Jiménez 2004) . Mobile benthic organisms moving through an estuarine environment encounter a variety of substrates that introduce various levels of turbulence and consequently influence the mixing of chemicals and the structure of ambient chemical signals. Turbulence-induced changes in chemical signal structure are an important determinant of chemosensory abilities in the laboratory (Moore and Atema 1991; Weissburg and Zimmer-Faust 1993; Ferner and Weissburg 2005) and field (Finelli et al. 2000; Smee and Weissburg 2006) , and thus, the environmental characteristics that alter plume structure may exert significant ecological effects. The goal of the current study was to explore the consequences of the physical characteristics of the flow environment for chemical signal structure in a benthic boundary layer and animal behavior.
Chemical signaling plays an important role in aquatic systems by mediating interactions between organisms, including mate location, prey tracking, or predator identification (Weissburg 2000; Koehl 2006; Vickers 2006) . The proficiency with which organisms locate odorant sources, such as prey or mates, has been shown repeatedly to be contingent on the flow environment (Weissburg and Zimmer-Faust 1993; Mafra-Neto and Cardé 1994; Belanger and Willis 1996) , which clearly links the ecology of these organisms to hydrodynamic mechanisms. Navigation toward an odorant source relies on an animal's ability to encode plume signal structure conveyed by spatial and temporal patterns of chemical stimulus intensity (Moore and Atema 1991; Weissburg and ZimmerFaust 1994; Finelli et al. 2000) . This is a challenging task since turbulent mixing creates a signal structure that exhibits great spatial and temporal variability (e.g., Webster and Weissburg 2001; Crimaldi et al. 2002) . From a spatial perspective, the plume consists of a highly convoluted filament surrounded by odorantless fluid. From a temporal perspective, the signal erratically fluctuates as the filament structure moves past a sensor.
Many aquatic predators move quickly through plumes, strongly suggesting that the time-averaged structure is not practically useful as a source of information because the time period needed to acquire reliable estimates of average local concentration is too long (Webster and Weissburg 2001) . Rapidly mobile benthic consumers, therefore, are thought to require information present in the filament structure produced by turbulence to navigate to an odorant source (Moore and Atema 1991; Weissburg and ZimmerFaust 1994; Webster and Weissburg 2001) . Increased turbulent mixing increases the homogeneity of chemical plumes, thereby altering the filament structure and degrading tracking performance (e.g., slower speed, increased stopping, indirect trajectories) of blue crabs (Weissburg and Zimmer-Faust 1994) . Alternatively, Moore and Grills (1999) and Ferner and Weissburg (2005) observed that the performance of crayfish and whelks, respectively, improved with increased turbulence. However, it is important to note that the range of turbulence parameters over which tracking performance has been studied is small, particularly compared to what is seen in the field.
Blue crabs (Callinectes sapidus) are crustacean predators with two sets of chemosensors that are responsible for regulating different aspects of the organism's tracking behavior (Keller et al. 2003) . Chemosensors on the antennae, which are elevated on the crab's body, control the forward movement of the crab via odor-gated-rheotaxis (a strategy whereby odorant arriving at these sensors is coupled with mechanosensory information to induce upstream motion toward the odorant source). Chemosensors on the crab's legs, which are spatially separated and near the benthos, are believed to mediate turning relative to the plume structure. The combination of information gathered by these two sets of sensors induces an upstream, zigzag motion that allows the crab to stay within the odorant plume until it is at a distance from the source sufficient to initiate a near-source search behavior Zimmer-Faust 1993, 1994; Keller et al. 2003) . The combination of sensors at different heights in the water column coupled with upstream motion means that blue crabs can acquire time-varying, three-dimensional (3-D) information about their environment. Prior research has relied on coupling behavior to two-dimensional (2-D) information (at best), thereby creating a significant gap in our understanding of the sensory basis of tracking behavior.
Quantitative examination of plumes has demonstrated that the concentration field varies with bed roughness. Rahman and Webster (2005) noted that the distributions of the fluctuating and time-averaged concentrations in the vertical (z), transverse (y), and streamwise (x) directions are influenced by bed roughness. Hence, we hypothesized that variation in turbulent mixing due to bed roughness would affect tracking behavior in crustacean predators by altering the signal structure at different heights in the water column and by altering the width and homogeneity of the plume.
The objective of this study was to examine the effects of environmentally induced turbulence on predatory tracking behavior. The large range of substrates encountered by naturally foraging benthic organisms motivates the need to specifically examine the connections among substrate properties, plume signal structure, and chemosensory navigation. Here, we quantify the effects of bed roughness on the chemical signal structure and examine the effects of roughness-induced changes in signal structure on the preyfinding ability of a generalist predator, the blue crab (Callinectes sapidus). We also explore the possibility that sensors on different appendages of the organism may have properties that allow them to function best under the specific environmental conditions in which they generally operate. Sensors that are matched in this way to prevailing conditions of a specific stimulus have been said to be ''tuned'' to their sensory environment (Atema 1985; Keller et al. 2003) . Because particular chemosensory appendages are placed at different heights in the water column, the simultaneous chemical signals available to each appendage vary substantially within the same plume. We suggest that the 3-D structure of plumes is an essential determinant of tracking. Hence, we used different substrate roughness to create plumes with different vertical plume structure, and we examined the signal structure at a series of vertical locations within the plume to determine the consequences of vertical variation of the concentration field on C. sapidus tracking behavior.
Methods
Flow environment-Experiments to visualize C. sapidus behavior were carried out in a 12-m 3 0.75-m recirculating saltwater flume (Keller et al. 2003) . The bulk flow velocity in the channel, determined using an electromagnetic flow meter that monitored volumetric flow rate in the delivery pipe, was steady at 5 cm s 21 , which is within the range of in situ flow speeds encountered by C. sapidus (Smee and Weissburg 2006) . Turbulence level was varied in separate flume trials by using four substrate materials to line the flume bed (fine sand, d 50 5 1 mm; small gravel, d 50 5 2.5 mm; pea gravel, d 50 5 11.5 mm; large gravel, d 50 5 21 mm, where d 50 represents the average grain diameter of the substrate material), representing a range of sediments that C. sapidus naturally encounters (Meise and Stehlik 2003; van Montfrans et al. 2003) . The flow depth was 0.25 m in all trials.
Parallel experiments to quantify the plume structure were conducted in a 24.4-m 3 1.07-m flume (Fig. 1) . The bed substrate matched that of the behavior trails except for the smoothest bed treatment, in which fine sand was used for the behavior observations to allow the crabs to walk normally, and a smooth polyethylene sheet was used in the concentration measurement experiments. The water depth was H 5 0.20 m, and the bulk flow velocity was 5 cm s 21 in these experiments.
We verified that the flume used for behavioral observations generated similar boundary-layer characteristics as the flume used for quantifying odorant plume structure. A SonTek MicroADV was used to measure the mean flow velocity profile for each bed condition, using 5-min velocity records collected at 20 Hz. Data were collected at 36 locations above the bed; the lower 15 locations were spaced by 2-mm increments, the next 10 were spaced by 4-mm increments, and the upper 11 locations were spaced by 8-mm increments. These data were optimally fit to the roughbed ''law-of-the-wall'' profile equation to determine the appropriate boundary-layer parameters (see Rahman and Webster 2005 for equations and procedure). Table 1 shows that the bed shear stress, roughness function, effective sand roughness height, and roughness Reynolds number were nearly identical for each bed treatment in the two flumes. Hence, we concluded that the flow environments and velocity characteristics in the two flumes were similar and that valid connections could be made between the data sets. The roughness Reynolds numbers indicate that the substrate manipulations created substantial changes in boundary-layer properties and produced flows that spanned hydrodynamically smooth, transitional rough, and fully rough regimes (Daily and Harleman 1966) .
Chemical plumes were created by an isokinetic release (i.e., effluent velocity matched to the bulk flow) from a 4.7-mm inner-diameter nozzle in both the concentration measurements and behavior trials. The nozzle center was located 25.4 mm above the top of the bed material, representing odorant release from prey organisms on or near the benthos. A streamlined faring on the nozzle minimized the wake perturbation, so mixing of the chemical plume resulted from the velocity shear and turbulence of the bed boundary layer.
Chemical concentration measurements-The turbulent concentration field was quantified using the planar laserinduced fluorescence (PLIF) technique ( Fig. 1 ; fully described in Webster et al. 2003) . The effluent was uniformly seeded with a fluorescent dye (Rhodamine 6G, Sc < 1,250, Eastman Kodak Co.). An argon-ion laser beam (Coherent Innova 90, 514 nm, diameter < 1 mm) was swept rapidly in a horizontal plane through the flume by a computercontrolled rotating mirror, creating a virtual laser sheet. When excited by the laser light, the fluorescent dye emitted light in the yellow-orange wavelengths with intensity proportional to the dye concentration. The intensity recorded by each individual camera pixel was transformed to the local chemical concentration by appropriate calibration functions and processed to yield the instantaneous concentration fields. Emitted light intensity recorded by the camera was corrected for pixel variation, the influence of background intensity, lens vignetting, and other factors as described in Webster et al. (2003) . The sequence of concentration fields allowed for subsequent spatial and temporal analysis of the plume structure.
A digital camera (1,018-pixel 3 1,008-pixel array, 8-bit resolution) collected the emitted light in a planar area of approximately 1 m 3 1 m, providing a spatial resolution of 1 mm. Data were collected immediately downstream of the source nozzle in 12 planes between z 5 6 mm and 86 mm. In each plane, 3,000 concentration fields were recorded at 5 Hz for a total time record of 10 min. We collected an additional four overlapping fields at the elevation of the source nozzle, covering the distance from 0 m to 2.5 m Fig. 1 . The flume arrangement for the laser-induced fluorescence measurements. The streamwise, x, transverse, y, and vertical, z, coordinates are shown. The origin for the x and y coordinates is at the source nozzle, and the origin for z is at the bed. Table 1 . Flow characteristics for the four bed-roughness treatments measured in the test section of the two flumes used in this study, where u* 5 bed shear velocity, DU + 5 roughness function, k s 5 the effective sand roughness height, and roughness Reynolds number 5 k s u*/n. Data corresponding to the flume for concentration measurements are from Rahman and Webster (2005 (Derby 1982) , and behavioral and physiological studies suggest rather coarse temporal sampling. Blue crabs respond to temporal features of odorant plumes over time scales of one to several seconds (Keller and Weissburg 2004) . Further, lobster chemosensors appear to sample at roughly 4 Hz (Gomez and Atema 1996) .
Behavior trials-Blue crabs were purchased from Gulf Specimen Marine Laboratory, Panacea, Florida, U.S.A., and collected from Wassaw Sound, Georgia, U.S.A., and associated tributaries using commercial crab traps. Animals were housed in recirculating artificial seawater tanks (salinity: 30-32; water temperature: 25uC) at the Georgia Tech Environmental Fluid Mechanics Laboratory until use. Crabs were allowed to acclimate for 48 h after introduction to the holding tanks prior to initiation of behavioral assays, and they were used within 2 weeks of arrival. Crabs were fed small amounts of shrimp every other day for the duration of the trials to ensure that they were consistently hungry (would still accept food) and were used after starvation periods ranging from 24 h to 48 h.
Behavior of navigating blue crabs was visualized and recorded by a charge-coupled device (CCD) video camera mounted 2 m above the test section, with a 3.5-mm wideangle lens such that the image encompassed 1.5-m-long by 0.75-m-wide test section. Individual crabs were outfitted with a backpack with two light-emitting diodes (LEDs) mounted along the widest axis on the crab carapace (Weissburg and Dusenbery 2002) . The flume area was darkened to minimize visual distraction to the crabs and increase the contrast between the backpack lights and the background light level. Crabs were held in a cage at the downstream end of the test arena (1.5 m from the odorant source) for a 10-min acclimation period prior to their release into the test section of the flume. Odorant plume release was initiated prior to the introduction of crabs into the flume to ensure that a developed odorant plume was present for the entirety of the acclimation and trial periods and that a potential forager contacted the plume. Once the cage door was raised, crabs were given 10 min to initiate tracking by exiting the cage and an additional 10 min to complete their motion across the test section. Within this time period, crabs either moved across the test section and missed or found the odorant source, or remained stationary for virtually the entire time; no animals were in the process of tracking at the end of the test period. Crabs that did not leave the cage or immediately went backward beyond the start line after exiting the cage were not included in the study data. Individual crabs were used only once in these experiments.
The positions of the two LEDs were recorded onto videotape and analyzed using a motion analysis system (Motion Analysis Corp., model VP110) over the entire length of the test section (1.5 m). Raw data were acquired at 30 Hz during digitization, but path kinematics were calculated with data downsampled at a final rate of 5 Hz. The system digitized the coordinates of the animal on a frame by frame basis, allowing calculations of linear and angular velocity, acceleration, turning rate, path linearity (net to gross displacement ratio or NGDR, ranging from 0 to 1, where 1 indicates a completely straight path from origin to destination), and body angle.
Stimulus solutions were made in high and low concentrations by soaking intact, previously frozen shrimp (7.0 g and 2.21 g, respectively) in 1 liter of seawater for 1 h immediately prior to experiments. Control experiments were conducted with plain seawater released from the delivery system and were used to examine the effects of substrate per se on locomotion behavior.
Analysis-Percent tracking success rate was calculated by comparing the number of animals that contacted the odorant source (hit) to the total number of attempts (hit + miss). To account for motivational state of the animals, a miss was included in the data set only if the animal consumed a piece of shrimp after its unsuccessful tracking attempt. Data were analyzed using chi-square contingency table analysis to compare success rates across turbulence (substrate size) and stimulus concentration treatments.
Efficiency of navigation toward the odorant source was analyzed by examining path kinematics of crabs successfully tracking to the source (i.e., speed and net to gross displacement ratio). We performed an initial analysis of kinematic performance in order to examine the effects of substrate on movement in the absence of odor stimulation. This analysis consisted of data from animals that lacked odor stimulation or that did not track to the source when challenged with odorant, since previous studies (e.g., Weissburg and Zimmer-Faust 1994; Keller et al. 2003) have suggested similar behaviors between these two groups. We nonetheless used odorant treatment level (0, low, high) and substrate as factors in a two-way analysis of variance (ANOVA) design. This initial analysis suggested that the kinematic performance of searching animals was not explained by the substrate treatment per se (see Results). Consequently, a two-way ANOVA with post-hoc TukeyKramer analysis was used to determine the effects of bed roughness and stimulus concentration (low, high) on navigational performance of successful trackers. Note that we explicitly included substrate as a main effect in the analysis of both tracking and nontracking individuals even though we were unable to randomize substrate treatments across trials. Randomization of substrate treatments was limited due to the logistical difficulty of replacing the entire bed with different material between trials. However, trials on different substrates took place over multiple periods, and we interspersed no-odorant controls with trials involving odorant, so that each treatment was tested with animals collected over several seasons. Approximately 10% of the crabs either failed to consume shrimp after an unsuccessful tracking event or did not track during the 10-min period, with no detectable differences in animal responsiveness across treatments.
Results
Odorant concentration characteristics-Horizontal and vertical mixing were affected substantially by bed roughness. The contours of the time-averaged concentration distributions in y-z planes (i.e., perpendicular to the flow direction) at four distances from the source are presented in Fig. 2 (the cases for smooth and d 50 5 21.0 mm gravel bed are shown to illustrate the effects of varying bed roughness). The plume grew in both the vertical and transverse directions, and the average concentration decreased in the streamwise direction. Contours remained nearly circular for the smooth bed case, indicating that the plume expansion with downstream distance was similar in the vertical and transverse (across-plume) directions. The plume width increased and the average concentration decreased faster with downstream distance with greater bed roughness. The increased expansion of the plume in the transverse direction was evident from the increasingly elliptical contours for the d 50 5 21.0 mm gravel-bed case as the plume evolved downstream compared to the consistently more circular contours for the smooth bed plume.
Contours of the time-averaged concentration on horizontal planes at three heights from the bed are presented in Fig. 3 . As the bed roughness increases, the plume widens in the transverse direction at the three elevations shown. Furthermore, the time-averaged concentration for the rough bed case appears to decrease more rapidly with x in all planes. Near the source in the lowest plane shown (z/H 5 0.029), the time-averaged concentration appears to be greater in the rough bed plume compared to the smooth bed case, which suggests that transport toward the bed was enhanced below the source nozzle in the rough bed case.
Vertical variation of the concentration field-The details of the vertical variation of the time-averaged concentration are shown in the profiles of Fig. 4 . Each profile has a peak value close to the source height (i.e., around z/H 5 0.125), and each case becomes more vertically uniform with evolution in the streamwise direction. Close to the source (x/H 5 1.0), the smooth and d 50 5 2.5 mm gravel-bed profiles approach the peak concentration value with steep gradients from above and below. The profiles for the rougher beds (d 50 5 11.5 mm and 21.0 mm gravel) are more vertically uniform and have lower average concentrations relative to the smoother bed profiles.
Although the influence of bed roughness on the timeaveraged concentration is significant, presumptive chemosensory cues relate more to the spatial distribution of odorant and the concentration fluctuations. Vertical profiles of the standard deviation reveal a decrease in concentration fluctuations with increased roughness and an overall trend of greater plume homogeneity close to the bed as compared to higher in the water column (Fig. 5) . The profiles at x/H 5 1 have a peak value close to the release height (z/H 5 0.125) but are more uniform for the two rougher beds. All profiles decrease and become more vertically uniform with increasing distance from the source, which indicates increasing plume homogeneity. The vertical distribution becomes almost constant beyond x/H 5 2.0 for the rougher beds, whereas the smooth and d 50 5 2.5 mm gravel beds maintain variation even at x/H 5 4.0. The standard deviation for the rougher beds at any x location is smaller than for the smooth and d 50 5 2.5 mm gravel-bed cases. The effect of bed roughness is particularly dramatic close to the release height, whereas regions closer to the bed are more similar across the treatments.
We calculated an intermittency factor (c), defined as the probability of the instantaneous concentration exceeding a prescribed threshold (Chatwin and Sullivan 1989) :
The metric describes the probability that a filament with concentration (c) greater than the threshold (C th ) will be present at the measurement location. The choice of threshold is arbitrary, and the results, which are highly threshold dependent, must be interpreted with respect to the threshold choice. Here, we present vertical profiles for two threshold definitions: 2% of the source concentration, 0.02C 0 , and the local time-averaged concentration, c. In the first case, the threshold is constant throughout the field and hence provides insight into the probability of filaments of high absolute concentration. In the second case, the threshold varies with position and provides insight into the probability of filaments of high concentration relative to local conditions. The results for the fixed threshold are easier to interpret, whereas the variable-threshold results are perhaps more relevant for biological sensors, which often detect intensity changes as opposed to absolute intensity (e.g., Gomez et al. 1994) . Figure 6 shows the vertical profiles of the intermittency factor based on a threshold of 2% of C 0 . The profiles indicate that the probability of encountering concentrated odorant filaments is greatest close to the source, at intermediate water depths, and in conditions of low turbulence created by smoother substrates. The intermittency factor in all vertical profiles is greatest near the elevation of the release (z/H 5 0.125). The intermittency factor decreases with increasing bed roughness due to increased dilution of the chemical filaments to concentration levels below the absolute threshold. In all cases, the intermittency factor decreases with increasing distance from the source; the probability that the concentration exceeds the absolute threshold is reduced as the filaments become more dilute with downstream evolution. Figure 7 shows the vertical profiles of the intermittency factor with a threshold defined by the local time-averaged concentration. An intermittency factor with this threshold would equal 0.5 if the distribution were symmetric; that is, half of the samples exceed the average in a symmetric distribution. Hence, the intermittency factor based on a threshold of the time-averaged value provides a simple measure of the distribution skewness as well as the probability of a concentration sample that exceeds the local mean. Webster and Weissburg (2001) demonstrated that the distribution of the instantaneous concentration value is not symmetric in the plume; hence, we anticipated that the intermittency factor would differ from 0.5. At the x/H 5 1.0 location, profiles for all bed-roughness treatments are fairly uniform in the vertical direction with a value of roughly 0.2; thus, 20% of the samples exceed the local time-averaged value (shown in Fig. 4) , independent of the vertical position and the bed roughness. As the plume evolves downstream, the intermittency factor for the two rougher bed conditions is greater than the intermittency factor for the smoother bed conditions; the probability that a sample exceeds the local time-averaged value is greater for the rougher beds. The profiles also become less vertically uniform with larger intermittency factor closer to the bed. For the two rougher bed profiles near the bed at x/H 5 4.0, the intermittency factor is closer to 0.5, and the distribution is trending toward symmetry. Taken together, these results indicate that plumes evolving over smoother substrates are characterized by more intense, but less numerous odorant filaments. At the height near the source release (z/H 5 0.125), the plume is characterized by less frequent bursts of concentrations above the local mean, but they are large relative to the initial source concentration.
Transverse variation of the concentration field-The transverse (across the width of the plume) integral length scale, L, provides a measure of the plume width and homogeneity (Webster et al. 2001) . The integral length scale is calculated by integrating the area under the normalized transverse correlation function of instantaneous concentration samples:
Bed roughness increases the integral length scale because the plume width and homogeneity increase with rougher substrates (Fig. 8) . The change of the integral length scale with respect to downstream distance (dL/dx) increases around x/H 5 2.0 for the smooth and d 50 5 2.5 mm gravel beds. Conversely, dL/dx decreases beyond x/H 5 2.0 for the two rougher beds. The difference in the trends of L likely results from differences in the range of turbulent eddy sizes and turbulence intensity among the bed treatments. The transverse correlation function (c y c yzL =c o c o ) at four downstream locations for each bed roughness is presented in Fig. 9a for two sensors with fixed spacing equal to L. The normalized correlation function varies between 0 and 1 (defined in Webster et al. 2001) . High values of the correlation function indicate that the sensors perceive similar concentration fluctuations, whereas low correlation values indicate a contrast between the sensor signals. The location of the inner sensor (the one closer to the centerline), y, is normalized by s, which is a parameter based on the time-averaged concentration field. As presented in Rahman and Webster (2005) , transverse profiles of the time-averaged concentration follow a Gaussian distribution shape, and, hence, the half-width of the profile is quantified by the standard deviation (s) of the profile shape. Rahman and Webster (2005) provided the values of s used for the normalization in Fig. 9 . In Fig. 9a , the curves collapse onto the same trend irrespective of the bed roughness or downstream location. This indicates that the scales chosen for nondimensionalization, the transverse integral length scale for the correlation spacing and the time-averaged plume width for the position of the inner sensor, correctly characterize the transverse correlation (and contrast) of the intermittent plume structure. Although not shown here, evaluations of the correlation function with spacing using an integer multiple of L also demonstrated collapse of the profiles, again confirming the scaling.
Behavior trials-Contingency table analysis demonstrated that percent tracking success of crabs varied significantly across the test conditions (Table 2 ; G 5 28.7, df 5 10, p,0.001). Control crabs never navigated to the stimulus nozzle, regardless of bed conditions. However, increasing bed roughness and decreased source concentration both diminished tracking success for animals exposed to odorant (G 5 8.3, df 5 3, p,0.05; G 5 15.5, df 5 1, p,0.05 for bed roughness and concentration, respectively), and there was a strong indication of a substrate-concentration interaction (G 5 11.28, df 5 6, p 5 0.082). The source of this interaction appears to have been related to the observation that tracking success was less affected by substrate roughness when source concentration is high. Crabs tracking the more concentrated source were only minimally affected over the first two roughness conditions, whereas tracking success declined greatly over these two treatments for crabs exposed to the dilute stimulus. Test statistics of this analysis and the subsequent analysis of kinematics are presented in Table 3 .
The effects of substrate per se on locomotion were not consistent with changes in behavior during odor tracking (see below), strongly suggesting that the changes we observed during odor tracking were specific responses to the odorant environment. Analysis of the kinematic performance suggested that animals in the no-odorant controls performed similarly to animals not tracking to the source (Fig. 10) , which is consistent with numerous other studies (e.g., Weissburg and Zimmer-Faust 1994; Keller et al. 2003) . We confirmed this using a two-way ANOVA, which demonstrated no significant difference in the NGDR (arcsine transformed to meet assumptions of normality) and speed of no-odorant control and nontracking animals (NGDR: F 2,219 5 1.46, p 5 0.23; speed: F 2,219 5 0.0038, p 5 0.99) as functions of odorant level. For the no-odorant control and nontracking animals, substrate had significant effects on both speed and NGDR (F 3,219 5 9.83, p , 0.001; F 3,219 5 3.52, p , 0.001, respectively); animals tended to move faster and more directly upstream with rougher bed conditions, and there was a particularly dramatic effect at the roughest bed condition. Detailed observations indicate that crabs increase use of their swimmerets, particularly on the roughest substrate. This tends to reduce the degree of contact with the bottom, increasing speed and minimizing changes in direction.
Successful trackers (for representative path plots, see Zimmer-Faust et al. 1995; Vickers 2000; Weissburg et al. 2002) behaved differently than unsuccessful trackers in their response to odorant and substrate treatments. A twoway ANOVA, examining the effects of concentration and substrate on NGDR of successful trackers (arcsine transformed to meet assumptions of normality) (Fig. 10a) , indicated that there was not a significant effect of either factor or their interaction on NGDR (concentration: F 1,83 5 1.24, p 5 0.2685; substrate: F 3,83 5 1.62, p 5 0.19; interaction: F 3,83 5 0.54, p 5 0.66). In contrast, the speed of a successfully tracking crab was significantly reduced by both a decrease in concentration and an increase in substrate roughness (Fig. 10b) Successful trackers appeared to maintain positions farther from the plume midline as substrate roughness increased, and they showed a general trend of increasing their transverse position at greater distances from the source (Fig. 11a , where d is defined as the distance from the centerline). We determined whether odorant properties and bed roughness influenced the transverse location of the animal by examining the average distance from the plume centerline as functions of concentration, substrate, and distance from the odorant source (Fig. 11a) . This three-way ANOVA revealed that although there was no significant effect of concentration on distance from centerline (F 1,240 5 0.16, p 5 0.689), there was a significant effect of bed roughness and distance downstream from the odorant source (F 3,240 5 4.54, p 5 0.004; F 2,240 5 11.18, p , 0.0001, respectively). There were no other significant interactive effects.
We normalized the average distance from the centerline by the time-averaged plume half-width, s, for each downstream region, and reanalyzed these data in order to detect self-similarity of tracking behavior (Fig. 11b) . The normalized distance from the centerline decreased significantly as animals approached the source, as before (F 2,240 5 445.99, p , 0.001). In contrast to the previous results, normalized distance was not significantly affected by substrate (F 3,240 5 1.36, p , 0.25), and there were no other significant main effects or interactions (F , 0.69, p . 0.56 for all effects). The mean normalized distance (i.e., the location of the center of the crab) from the centerline across all substrate and concentration treatments was approximately 5.9, 2.7, 1.1 in regions 6 . x/H . 4, 4 . x/H . 2, and 2 . x/H . 0, respectively.
Nondimensionalizing the results by s removes the dependence of the distance of the crab to the centerline on bed roughness, and this suggests that sensor positions of foraging animals (at a given position downstream) bear a constant relationship with plume width. As presented already, Fig. 9a shows that scaling the sensor span to the Fig. 9 . Transverse spatial correlation of concentration with sensor spacing equal to (a) L and (b) 10 cm. In (a), data are shown for x/H 5 2.7, 5.3, 7.8, and 10.3 for each bed treatment (16 profiles shown). In (b), data corresponds to the d 50 5 11.5 mm bed treatment for demonstration of the trend observed for each bed-roughness treatment. The insets show the geometry of the sample locations with respect to the flow direction (U) and transverse coordinate (y). H is the channel water depth and equals 0.2 m. The arrows denote the position of the crab leg chemosensors closest to the centerline: d/s 5 2.1, 1.5, and 0.6 for 6 . x/H . 4, 4 . x/H . 2, and 2 . x/H . 0, respectively. The interior sensor position was calculated from our analysis of mean normalized distance from the centerline (i.e., the location of the center of the animal with respect to the plume centerline, see text in Behavioral Trials results), and assuming that, based on a 10-cm sensor span (the approximate span of an average-sized crab used in our trials), the interior sensor was located 5 cm from the mean normalized distance. integral length scale results in self-similar correlation function profiles. This scaling of the plume structure suggests that variable sensor spacing is advantageous since L changes with distance to the source (Fig. 8) . In contrast to this hypothetical advantage, the chemosensors on the leg appendages of blue crabs are relatively fixed. To further evaluate the contrast between sensors with a constant span, we computed the correlation function between sensors separated by 10 cm (roughly equivalent to the span between tips of the walking legs of our animals; Fig. 9b ). In this figure, we show data for the d 50 5 11.5 mm case as an example. The other bed-roughness cases showed a similar pattern, specifically, the same monotonic trend with increasing x. The value of the correlation function depends on the bed-roughness treatment, which eliminates the self-similar pattern shown in Fig. 9a and prevents plotting all data on the same figure. The distance of the interior sensor to the centerline was normalized by s as suggested by Fig. 9a . All profiles show that the correlation function reaches a very low value for y/s . ,1.5 (same value for the other roughness cases). A comparison to the behavior results suggests that animal position results in consistently low correlations among spatially separated sensors on the walking legs (Fig. 9b) , which are the presumptive arbiters of steering (Keller et al. 2003) . Although the average distance of the animal from the centerline decreases, interior sensors are always located such that the correlation between sensors with a 10-cm spacing is not particularly large, which implies that there continues to be high contrast between sensor pairs across the body axis of tracking crabs.
Discussion
Prior research in both aquatic and terrestrial environments has demonstrated that hydrodynamics alter chemical signal structure and the performance of searchers that navigate through these odorant plumes (Weissburg 2000; Koehl 2006; Vickers 2006) . The results presented in this study corroborate other investigations of olfactory search in blue crabs and terrestrial arthropods by documenting decreased search success in increasingly turbulent condi- Table 2 . Percent success for the behavior trials. Control indicates the number of crabs tested in absence of odorant stimulation for each bed-roughness treatment. Cross treatment discrepancies in trial numbers reflect differential success rates across treatments, which required some treatments to be tested more thoroughly to acquire data that could be statistically analyzed. tions. Substrate roughness reduces the ability of blue crabs to find odorant sources by increasing boundary-layer turbulence, which decreases the time-averaged and burst odorant concentration, homogenizes the plume, and increases the plume width. Previous studies on blue crabs have documented a sharp decrease in foraging success as the boundary layer assumes a transitional rough character (e.g., Weissburg and Zimmer-Faust 1993) . Data from the current study suggest another marked decline in foraging success as the boundary layer becomes fully rough.
We continue in the tradition of previous studies that have examined aspects of the vertical structure (e.g., Moore and Atema 1991) or used PLIF to examine isolated planes (e.g., Webster and Weissburg 2001; Mead et al. 2003) . Although useful, these studies use point sampling methods or planar fields that are limited in the vertical domain. The present study, along with Rahman and Webster (2005) , improves our understanding of the information content in chemical plumes by providing a more comprehensive evaluation of the vertical and horizontal variation in signal structure across a range of boundary-layer turbulence conditions. Fig. 10 . (a) Net to gross displacement ratio (NGDR) 6 the standard error of the mean (SEM) for crabs in various odorant and substrate conditions. (b) Average speed 6 SEM (cm s 21 ) for crabs in various odorant and substrate conditions. The figure shows data for crabs in no-odorant controls, as well as for animals that missed or successfully hit the stimulus when foraging in four bed-roughness treatments (fine sand, d 50 5 2.5 mm, d 50 5 11.5 mm, and d 50 5 21 mm) with two stimulus concentrations (low and high). Sample sizes are reported in Table 2 , except that n 5 31 for d 50 5 11.5 mm at the high stimulus concentration since one path could not be fully recovered from the video tape. Different roughness geometries may play a role in advective and diffusive permeability of the stimulus into the substrate and, perhaps, modulate crab behavior. Prior research has demonstrated that diffusive transport dominates solute transport at the sediment surface (Glud et al. 1996) , but significant advective pore-water flow can be induced by imbalances of pressure due to surface roughness elements (Thibodeaux and Boyle 1987) . This suggests that advective flow will introduce increasing levels of the stimulus into the benthos with increased bed roughness, potentially to levels where tracking blue crabs could utilize these signals to help them find an odorant source. Control trials were interspersed with stimulus trials for all bed roughnesses; hence, we might have expected similar behavior for crabs under both conditions if stimulus were being built up and retained in the sediment at levels that modulated crab tracking. The difference between tracking and nontracking animals (and the similarity between animals that did not track and those moving in the absence of stimulus) suggests that, although crabs may detect porewater signals during tracking, these potential signals alone do not appear to be enough for a foraging crab to successfully locate a food source. Prior experiments Zimmer-Faust 1993, 1994) have indicated that crabs are rarely successful in finding sources when chemical signals are introduced over natural substrates without ambient flow, further suggesting that pore-water signals have, at best, a minor role in mediating tracking.
Our quantification of odorant plume properties suggests that the signal structure depends on the flow microenvironment in general and the vertical position in particular, and, consequently, spatial variation in the odorant signal structure may be important in explaining how animals extract information from chemical plumes. Microenvironments, as used here, refer to regions within the general environment that correspond to an area of interest on an organism (Atema 1985) . In this case, we examined the flow microenvironments at the heights of the different sensors on the body of a blue crab.
As we discuss in detail next, odorant signal properties in different regions of the boundary layer are well suited to control specific behaviors mediated by sensory appendages that sample odorants within those regions. Prior research has revealed that an organism's sensory systems may be specifically adapted, or optimally tuned, for their general environmental conditions (Bodznick et al. 1999; Bleckmann et al. 2003; Warrant et al. 2003) ; however, this study suggests that parts of an organism's sensory system may be tuned to their particular microenvironments and behavioral roles. Because sensory neuron properties often match the spatiotemporal scales of variation of the relevant natural stimuli (Rieke et al. 1996; Machens et al. 2001) , it logically follows that individual chemosensors/appendages of organisms exposed to different signal properties may be tuned for their particular flow microenvironments.
Signal structure at the antennules-The data indicate a significant negative relationship between bed roughness and speed of tracking animals (Fig. 10b) . Tracking speed is largely determined by upstream motion, which is mediated by sensory neurons in the antennules and antennae (Keller et al. 2003) . These centrally located organs sample at a height in the water column where the odorant field is characterized by high concentration, large fluctuations, and large intermittency factor compared to the region closer to the bed (Figs. 4-6 ). Plume signal properties at this height also change dramatically with changes in turbulence, and consequently, we observed substantial decreases in average concentration (Fig. 4) , concentration variance (Fig. 5) , and intermittency factor, based on a fixed threshold (Fig. 6) , with increasing bed roughness. Together, these results indicate a decreased probability of encountering concentrated odorant signals at the height of the antennules as turbulence increases. The corresponding decrease in the speed of tracking blue crabs likely was caused by the decreased frequency of intense odorant bursts since the mean concentration is not easily resolved (Webster and Weissburg 2001) .
The potential role of neuronal adaptation also must be evaluated as a possible component of the sensory mechanism. Sensory adaptation renders neurons unresponsive to background stimuli (Atema 1985) , suggesting that signal contrast, as opposed to absolute signal level, is important. The intermittency factor, expressed as the probability of exceeding a fixed threshold based on the initial concentration, decreases at the height of the antennules as increased bed roughness creates a more homogeneous plume (Fig. 6) . However, the probability of a burst with concentration above the local time-averaged value increases with increasing bed roughness and increasing distance downstream from the source. At the height of the antennules, the probability of a burst above the time-averaged concentration is greater for increased bed roughness (Fig. 7) , but the standard deviation is much less (Fig. 5) . Hence, fluctuations greater than the time-averaged value are more common, but not particularly large in concentration. Again, the observation that walking speed decreases with increased bed roughness is consistent with the hypothesis that upstream motion is mediated by large instantaneous concentration (bursts) at the antennules. The data further suggest that it is the intensity of the bursts, rather than the frequency of bursts above background, that bears the greatest relationship to upstream movement.
Signal structure at the appendages-Chemosensors on the walking legs are responsible for the turning motion that keeps blue crabs within a chemical plume (Keller et al. 2003) . Spatial separation of leg chemosensors across the body allows perception of instantaneous stimuli contrasts transversely across the body if the sensor spacing is large enough (Fig. 9) . The ability of spatially separated sensors located close to the substrate to encode information on plume spatial structure may be enhanced by vertical variation in the odorant field structure, at least under some circumstances. Close to the source (x/H , 2) and in conditions of smoother bed roughness, the plume structure close to the bottom is more homogeneous (i.e., lower standard deviation observed in Fig. 5 ) compared to the plume structure at the height of the antennules. The probability of encountering filaments with concentration exceeding the local time-averaged concentration is greater close the bed as long as x/H . 1 (Fig. 7) , which also facilitates encoding of spatial information. Perhaps unsurprisingly, we saw very little evidence that turbulence affected the ability of foraging crabs to steer themselves with respect to the plume (Fig. 10a) . This may be specific to the geometry of the odorant release, since other investigators have observed that variations in turbulent mixing conditions induced substantial changes in steering Zimmer-Faust 1993, 1994) when the odorant source consisted of a vertical jet. Nonetheless, our current results suggest that upstream progress and steering may not be equally affected by varying turbulence and that these two processes need to be considered separately when discussing impacts of the fluid environment on chemosensory navigation.
Some aspects of spatial orientation are affected by the bed-roughness manipulations. Because rough substrates cause greater spreading of the plume as it evolves downstream (Figs. 2, 3, 8) , there are corresponding significant effects of bed roughness and distance from the source on the average distance that the crabs wandered from the centerline (Fig. 11a) . These correlations add weight to the suggestion that blue crabs mediate their turning by perceiving transverse contrast (i.e., contrast across the plume width) in the chemical signal by using bilateral comparison across the body (Zimmer-Faust et al. 1995; Keller et al. 2003) .
Greater transverse spread of the plume requires that searchers either increase their sensor span (i.e., increase their sensor span in proportion to L, Fig. 9a ) or move farther from the plume centerline in order to experience asymmetric odorant stimulation (Fig. 9b) . Webster et al. (2001) suggested that a searcher with sensors separated by a distance larger than L can better assess contrast between sensors and therefore identify the direction toward the plume centerline more easily. Our results indicate that this is a general finding that remains true even with increasing bed roughness: sensor spans greater than L showed diminished correlation of signal intensity received by each sensor. Nevertheless, increased distance from the plume centerline is the most likely effect of increased plume width since the ability to enlarge sensor span is limited to the maximal appendage spread. The decrease in average centerline distance as foragers move toward the source is a natural consequence of the reduction in plume width relative to the sensor span.
Changes in the average distance to the centerline across substrate roughness experiments suggest how the path to the source has similar directness across the bed treatments despite changes in plume width (Fig. 10a) . Blue crabs appeared to be reacting to the change in plume width and homogeneity by moving farther from the centerline of the plume (Fig. 11a) to enable efficient tracking. The benefit is illustrated in Fig. 9b , which shows that the contrast between sensors with a fixed transverse separation decreases as the sensors move farther to the side. Hence, blue crabs appear to maintain their steering ability by moving more to the side of the plume where they can perceive a greater contrast.
One challenge for understanding perceptual mechanisms is to determine if differing behavior in various environments reflects a change in sensory strategies or the application of a constant rule that results in behavioral differences across environments. In an effort to disentangle these two possibilities, we normalized the centerline distance to the half-width of the time-averaged plume, s (Fig. 11b) . In analogy to self-similarity of physical processes (e.g., Fig. 9a) , we sought to determine whether there was a fixed relationship of sensor positions to a measure of plume width and whether this relationship revealed possible constancy of underlying rules employed by foraging crabs.
This analysis revealed both variant and invariant components. Scaling the average crab position relative to the centerline by s removed the effect of substrate, whereas the effect of average distance to the source remained. That is, blue crab trackers seemed to employ rules that fixed the contrast between sensor pairs as a function solely of downstream distance of the source; animals in similar plume regions maintained a fixed distance from the plume centerline relative to s regardless of substrate roughness. This normalized distance declined as animals moved toward the source, indicating that an increase in the contrast between sensors may be part of the mechanism that maintains tracking. One of the most powerful implications of self-scaling of behavior and plume properties is that these relationships allow us to compute the average correlation experienced by sensor pairs as the animal moves toward the source. Using a fixed sensor span of 10 cm, the average correlation between sensor pairs was generally low for y/s . 1.5 (Fig. 9b) , which again is consistent with the hypothesis that blue crabs use stimulus asymmetry to maintain their position relative to the plume. Far from the source (x/H . 5.3), it is possible to maintain a position near the center of the plume where sensors receive correlated input (Fig. 9b) . Despite this, and the fact that animals initially started close to the plume centerline as a result of being held within a cage, they assumed an average position during tracking that resulted in low correlation and high contrast.
The combined analysis of signal correlation and behavior supports an edge-steering mechanism possibly acting in combination with other strategies. Both L and s are small close to the source ( Fig. 8 ; see Rahman and Webster 2005 for s) because the plume is initially narrow, so a large fixed sensor span never results in appreciable correlation when animals are within 50 cm (x/H , 2.5). The observation that crabs move closer to the centerline in this region suggests the existence of at least one other rule governing steering behavior in addition to maximizing signal contrast. One possibility relates to the fact that the transverse correlation is uniformly low close to the source; therefore, any position in the plume is sufficient for steering when combined with information obtained from the interior sensor. In Fig. 9b , the correlation function at x/H 5 2.7 is small for all sensor locations, which results from the fact that the 10-cm sensor spacing is large compared to L. Hence, the need to remain near the ''edge'' of the plume to perceive a contrast is reduced, and the presence of odorant signal in this narrow plume region may be sufficient to indicate that the plume source is directly upstream and hence minimize the importance of bilateral steering. Another possibility is that the crabs compare among different combinations of sensors as the plume width decreases. Figure 9a demonstrates that adjustable sensor spacing is advantageous in the self-similar plume structure. If the sensor span exceeds L, the contrast is high at all locations in the plume. Close the source, the separation distance between the antennules and leg chemosensors becomes large compared to L, and contrast between these appendages could potentially be used for comparative steering. Regardless of the tracking strategy, it is clear that the signal properties used by foraging blue crabs are strongly related to the extent of the transverse variation, since the distance to the centerline collapses across turbulence treatments when normalized to s.
The importance of 3-D structure-Our analysis of planar odorant fields at several heights above the bed illustrates the complexity of the three-dimensional odorant plume structure. In particular, this study demonstrates that the plume-tracking behavior of blue crabs is related to the chemical plume information available to their chemosensors at differential heights in the water column. A full appreciation for both behavioral/sensory strategies and the role of mixing processes is thus contingent on a more complete characterization of the odor plume structure. Quantifications of the three-dimensional instantaneous concentration field around tracking animals may be enlightening because they capture the correlation and contrast between signals at various vertical regions. Our current analysis cannot resolve the temporal relationships of structures at various elevations because we collected a series of odorant fields through time at a specific height, then repeated these measurements across a series of elevations to ultimately yield a time-averaged reconstruction of the plume structure. We suspect that changes in the vertical structure are an important element of navigational strategies and may possibly mediate the switch to near-source searching behavior. Simulations of odorant tracking utilizing planar concentration data (Weissburg and Dusenbery 2002) can consistently replicate many features of movement to the source but often cannot account for the ability of animals to identify the source location without overshooting it. Understanding of the true 3-D nature of odorant signals appears to be necessary for a full description of chemosensorymediated search behavior in boundary layers.
